Recent developments in the field of cavity-enhanced spectroscopy (CES) on liquid samples are presented. The various experimental approaches to achieving the measurements are summarized, and the limitations of each approach are discussed. I conclude CES is most promising for microscale light absorption measurements on submicroliter volumes of fluid.
Introduction
Analytical chemistry requires sensitive and broadly applicable measurement technologies to continue to push the boundaries of chemical knowledge. While techniques such as fluorescence and amperometry provide highly sensitive measurements, only a select number of analytes are fluorescent or electrochemically active. Absorption spectroscopy is an attractive alternative since a large number of molecules absorbs light in either the visible or ultraviolet region of the spectrum. However, absorption spectroscopy fundamentally must determine a small difference between two largemeasured quantities (e.g., incident irradiance and sample irradiance) which can prove difficult. The simile "absorption spectroscopy is like trying to determine the weight of a ship's captain by measuring the weight of his boat with and without him" has been attributed to the Stanford scholar R. N. Zare as a means to describe absorption spectroscopy. Despite the inefficiencies, absorption spectroscopy remains a staple of the modern laboratory.
In recent years, several research groups have begun the exploration of cavity-enhanced spectroscopy (CES) as a means to improve limits of detection for absorption spectroscopy for liquid samples. Cavity-enhanced techniques take several different forms, but all have in common the use of an optical resonator within which a sample of light is added. The resonator can take the form of a mirrored optical cell, or an optical fiber loop. In all cases, the experimentalist attempts to create very large effective path lengths to improve sensitivity. In this manuscript, I briefly describe the array of CES techniques recently developed for the liquid phase, summarize several experimental challenges, and conclude that CES may have a bright future for absorption measurements on microvolumes of fluids.
The Three Modes of CES

Cavity Ring-Down Spectroscopy (CRDS).
Ring-down spectroscopy evolved from the need to measure the reflectance of high-reflectivity dielectric mirrors. The mirrors are constructed from many λ/4 layers of materials of varying refractive index such that reflections constructively interfere at interfaces. Two such low-loss mirrors aligned with one another (see Figure 1) can form an optical resonator such that a pulsed beam reflects between the mirrors many hundreds or thousands of times. On each pass thru the resonator, a fraction of the beam will be lost due to limitations of the mirror reflectivity and optical loss due to absorption or scattering within the optical cell. In the experiment, a fast detector is used to track the power of the light within the resonator in time. Any particular cavity mode will decay according to first-order exponential decay kinetics (see Figure 1 ) and the time constant (τ) for the decay measured through curve fitting routines. The time constant is referred to as the ringdown time, and its value depends upon the mirror reflectivity and optical losses. If mirror reflectivity remains constant during experiments, change in ring-down time can be linked to increased absorption or scattering within the sample placed between the mirrors. CRDS has long been used to measure gas-phase absorbers [1] [2] [3] or aerosols [4] [5] [6] [7] [8] since optical losses due to scattering in the gas phase is minimal [9, 10] and effective path lengths of kilometers can be achieved. In addition, since the measurement monitors the rate of light lost from the cell, the measurement is independent of spectroscopic source power fluctuations. These effects lead to highly sensitive analysis, with extinction coefficients <10 −12 cm −1 being measureable in extreme experimental cases [11] .
Integrated Cavity Output Mode (ICOS).
While CRDS measurements use a pulsed light source, a second mode of cavity-enhanced measurements uses an optical resonator with a continuous-wave light source. Intercavity power is monitored and related to sample absorption (α) through
where I is the intercavity power during measurements, I 0 is the power for a spectroscopic blank, l is the cavity length, and R is the mirror reflectivity (1) [12] . This ICOS mode offers the advantage of being able to use spectroscopic sources and detectors that have rise/response times greater than the nanosecond range typically required for CRDS mode while maintaining large path lengths. Another major implication of ICOS is the option of using continuum sources to perform broadband spectroscopy. Just like CRDS mode, many investigators have explored ICOS for gasphase and aerosol measurements [13] [14] [15] .
Cavity Attenuated Phase Shift Spectroscopy (CAPS).
A third variant of CES is cavity attenuated phase shift spectroscopy. In this approach, the intensity of a cw source is modulated at a frequency f on a timescale similar to the cavity ring-down time ( τ). Reid et al. [16] indicate the presence of the cavity will induce a measureable phase shift between the input and output signals of
Determination of the phase shift leads to knowledge of τ and subsequent determination of sample absorption. Just like CRDS and ICOS modes, cavity attenuated phase shift measurements have typically been applied to gas-phase and aerosol measurements [17] [18] [19] .
CES Experiment Design
Liquid Phase CES Experiments within Linear Resonators.
The most obvious experimental apparatus for extending the CES technique into condensed phases is to simply place the liquid or solid phase sample within a linear optical resonator. The liquid sample itself must be contained within a cuvette, a chamber formed between the high-reflectivity mirrors, or a liquid sheet or jet. Figure 2 illustrates four experimental designs that have been pursued for CES in the condensed phase. In design A, a sample-filled cuvette is held at Brewster's angle within an optical cell to minimize reflective losses at the air-glass interface. In design B, the liquid sample is placed directly in contact with the HR mirrors. In design C, a commercial cuvette is placed at normal incidence within the resonator. While this geometry leads to higher reflection at the air-glass interface compared with design A, with careful alignment, the reflected light can return to the mirror and continue circulating in the cell. In design D, sample liquid is sprayed onto a wedge that causes the production of a thin sheet of sample liquid. This thin layer is then probed via CES at the Brewster angle.
Due to simplicity, the most popular experimental design places a cuvette within the resonator. Islam et al. tested three sets of high-reflectivity mirrors and a 2 mm quartz cuvette while using high-intensity visible LEDs as light sources for ICOS-CES experiments [20] . For samples containing either Ho 3+ or organic dyes, the authors found path length enhancements as high as 104-fold (also known as cavity enhancement factor) due to the optical resonator. This led to minimum detectable absorbance in the range of 0.00005-0.0012 cm −1 over the spectral range tested (420-670 nm). The sensitivity enhancement was limited by the scattering losses per pass that were reported as being approx. 0.01 per pass. In later work, the authors removed the cuvette windows and increased the path length of the cell to 20 cm, which lowered the detection limit of the system to 3 × 10 −7 cm −1 [21] . One of the unique features of broadband CES is the ability to rapidly collect absorbance spectra across several hundred nanometers. However, the mirrors used in CES do not exhibit uniform reflectivity across the entire spectral region, and overtones of fundamental CH and OH stretching frequencies from solvents will cause differing optical loss as a function of wavelength. The consequence of this is that the effective absorption path length (or cavity enhancement factor) is not identical for all wavelengths. This results in distortion of absorption spectra compared to the case of a uniform path length. Figure 3 shown below from Seetohul et al. [21] illustrates cavity enhancement factor can vary 2 Journal of Spectroscopy 3-fold as a function of wavelength. The absorption spectrum collected by the CES spectrometer is consequently distorted as illustrated in Figure 3 (b). The broad blue trace in Figure 3 (b) is the single pass spectrum for a solution of Sudan black, while the additional traces are recorded spectra within differing solvents. Notice that the reported absorption during the CES experiments dip at approx. 500 nm, 550 nm, and 625 nm. These absorption features are not accurately depicted in the CES absorption spectrum but are artifacts of the cavity enhancement factor dipping at the same wavelengths (see Figure 3 (a)). Consequently, the spectra reported by CES must be mathematically corrected to yield quantitatively accurate reports of absorption. A further complication of CES exists because the effective path length is also a function of the per-pass optical loss as light cycles in the resonator. Consequently, the measured absorbance at any particular wavelength is a nonlinear function of absorber concentration. This nonlinear behavior is most obvious under experimental conditions in which the optical absorption loss dominates the total per-pass losses. The nonlinear behavior is shown in Figure 4 from Seetohul et al. [21] . This adds additional difficulty to quantitative analysis using CES.
Despite the limitations, many other investigators have also pursued CES within linear cavities. Kiwanuka et al. [22] used supercontinuum radiation and a 30 cm long linear optical cavity formed from broad band mirrors with R > 99% between approx. 400-680 nm to perform CES on liquid samples placed within a cuvette. The 5.4 cm long cuvette held 2.7 mL of fluid and had windows that were carefully adjusted to achieve normal incidence of the circulating light beam. Because these authors used a spectrograph, complete broadband spectra could be collected very rapidly-within 50 ms exposure time. The authors used the apparatus to collect broadband visible absorption spectra of nanomolar concentrations of fluorescent dyes. The authors also demonstrated the potential of the method for the study of chemical kinetics by monitoring the absorption spectrum during the BelousovZhabotinsky reaction. This reaction exhibits periodic oscillations in solution color as cerium(IV) (yellow) ions are reduced to cerium(III) (colorless), followed by cerium(III) cycling back to cerium(IV) through oxidation by bromate. 
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More recent work has focused on applying CES to realworld problems. For instance, Bajuszova et al. have pursued making CES measurements within a resonator that has been engineered to accommodate microtiter plates [23] . This allows coupling of the sensitive CES technique with common bioanalytical diagnostic tests such as ELISA. In Bajuszova et al. the authors use a white-light LED emitting between 400 and 700 nm to excite a 10 cm length resonator formed between two HR mirrors with R > 0.99 across 420-640 nm. An x, y positioner controls a stage that supports and moves standard microtiter plates such that each well can be interrogated serially. The authors report that glass-bottomed microtiter plates introduce optical losses of 20% and polystyrene plates induce losses of 50-70%. Nonetheless, the authors report a path length enhancement of 30-fold through use of CES and state that the CES approach may begin to approach the sensitivity of fluorescence-based ELISA provided further refinements that can be realized. The significant optical losses induced by the microtiter plates appear to present a significant obstacle to improve sensitivity. In general, optical loss at the air-cuvette interface limits the cavity enhancement factor and sensitivity increase that can be achieved.
Another recent innovation is the work of Arai et al. [24] who used a confocal mirror cavity to image absorption within thin slices of tissue samples and cells. The beam waist of the fundamental Gaussian mode of a mirror resonator can be quite small (micrometer size range), and rastering of the spot across a 2D surface can allow spatial mapping. In the work of Arai et al., the authors achieved 2D mapping by placing a sample mounted on an x, y piezoelectric stage with 1 μm positioning resolution at the center of an optical cavity. The optical source was a fiber-coupled supercontinuum laser providing broadband radiation allowing spectra between 450 and 600 nm to be collected. The authors report a 15-micron spatial resolution for the mapping of absorption features of the tissue sample and found differences in spectra between cell types using principal component analysis.
CES in Optical
Fiber/Waveguides. Another instrumental variant of CES is to conduct the experiment within a linear section or loop of optical fiber [25, [27] [28] [29] [30] [31] [32] [33] [34] . This implementation of CES is attractive because measurements on sub-nL volumes of the sample can be conducted due to the small diameters of optical fibers used. CES within fibers has already been recently reviewed by Waechter et al. [35] . If spectroscopy within a linear fiber is conducted, the ends of the fiber are equipped with either reflective dielectric mirrors [25] or 
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fiber Bragg gratings to achieve reflection [36] . The Bragg grating approach offers the advantage of high reflection, but only over a narrow wavelength band for which the device was designed (usually wavelengths for Telecom applications). By contrast, a resonator created by looping an optical fiber will circulate broadband radiation and is subject to losses due to optical components (splicers) placed within the loop, the native absorption of the fiber material, and the fiber-bending losses only (also known as macrobending losses). The absorbing sample may be placed within a gap Bescherer et al. [31] performed cavity ring-down mode measurements within a 5-10 cm length liquid-core waveguide with excitation of the resonator via the 2nd harmonic of a Nd:YAG laser. The experimental setup and results are shown in Figure 5 . While the analysis was successfully performed on a detection volume < 1 μL, the optical coupling losses between components caused a 53.9% optical loss per pass. This high degree of per-pass loss resulted in ring-down times <100 ns-far shorter than what is typically encountered in gas-phase measurements. Despite the very short ring-down time, the authors were able to achieve a minimum detectable absorbance of 0.0004 cm −1 . The loss 6 Journal of Spectroscopy of light at couplers or junctions between fibers in the loop is a major source of per-pass optical loss for fiber CES experiments. In addition, bending the fiber induces "macrobending" losses in which a fraction of the light no longer maintains the correct incidence to meet the internal reflection criterion [37] .
To combat these losses in fibers, Andrews et al. [29] devised a remarkably clever experiment in which a mechanism for light intensity enhancement (gain) is added to the fiber loop on each pass. These authors accomplished nearinfrared CRDS measurements on approx. 1 pL fluid volumes placed within a 19 μm gap between fibers. Expanding upon the seminal work of Stewart et al. [38, 39] the work of Andrews et al. [29] used an erbium-doped fiber amplifier within the optical loop to provide gain within the fiber to match the undesirable (nonabsorptive) per-pass losses caused by the apparatus. This innovative approach can help account for the high per-pass losses within the fiber loops; however, it can only be applied to certain wavelengths that the amplifier is designed for. Nonetheless, the authors demonstrated detection of 1-octyne within dodecane solvent at λ = 1532 nm with a minimal detectable absorption of 0.033 cm −1 . One additional difficulty encountered for fiber loop CES experiments is coupling the probe light efficiently into the resonator. This is usually accomplished through fiber couplers, laboratory built interfaces, notches within the fiber's cladding, or even through bends in the fiber itself. As illustrated in Figure 6 , Rushworth et al. [34] have demonstrated a novel coupler based upon a reflective surface used to increase coupling efficiency of light into the fiber resonator to, in theory, near 100% efficiency. In this approach, one end of a fiber is cut and polished to provide a metallized 45°facet upon which incident light is directed. This light can then be reflected into the core of the other end of the fiber, forming the fiber loop. Reported signal intensities for the notch coupler were at least 40× greater when compared to the bendcoupling approach. This result is significant as the notch coupler may allow low-power light sources such as lamps or LEDs to be employed for CES within fiber loops as has previously been demonstrated in CRDS mode with mirror resonators [40] .
While directly probing molecular absorption by shining a beam through a sample is one experimental route, evanescent wave spectroscopy using fiber resonators is also gaining popularity. Since the evanescent wave extends only a very short distance outside the fiber core, the fiber is usually tapered, side polished, or etched to allow measurement [25, 36, 41] . The evanescent wave approach is attractive since no break in the fiber loop is required for analysis. In turn, this limits nonabsorptive losses and should allow more sensitive analysis.
One demonstration of this approach is the work of Nitkowski et al. who engineered a microring resonator into a microfluidic device [42] . As observed in Figure 7 , the ring resonator was optically coupled to a tunable near-infrared laser (1460-1610 nm) via a waveguide. A fluid sample was passed over the ring resonator through a channel fashioned into polydimethylsiloxane (PDMS). The sample fluid serves as the cladding of the resonator. Absorption of the evanescent wave will lead to increased losses and will be sensed. The authors have reported an absorption spectrum of Nmethylamine near 1500 nm using the microring device. This technology is promising due because the CES is directly coupled to microfluidic devices that are becoming increasingly popular in bioanalytical chemistry for chemical and cellular analysis [43] [44] [45] . In addition, this type of integrated device has significant promise for rapidly screening purity and yield of reaction products from the laboratory or classroom [46] . In Nitkowski et al., the absorption spectrum can be made on a sample volume of roughly 2 nL-approximately a one millionfold decrease compared to conventional spectrophotometers.
Summary and Prospects
In recent years, cavity-enhanced spectroscopies have been demonstrated in condensed phases. Initial work has often mimicked the experimental apparatus for gas-phase measurements by using mirrored, linear resonators. This approach has allowed investigators to probe optical absorptions in the 10 −5 cm −1 range. However, optical losses at the air-cuvette interface and scattering from liquid samples limit the cavity enhancement factors achievable. In addition, modern commercial spectrophotometers also report detection limits in the 10 −5 cm −1 range with a simpler and much more userfriendly apparatus. Therefore, it appears as if the main analytical advantage of CES for future applications are those in which the probed sample volume can be reduced dramatically. Commercial spectrophotometers typically make measurements on samples in the 1-3 mL range. As reported in Table 1 , several investigators have been able to either miniaturize a 2-mirror resonator or use fiber CES to achieve sample volumes of microliters or less. When the sample volume is reduced, a corresponding improvement in mass limit of detection is realized. Therefore, the coupling of CES with microanalytical methods is likely the largest area of opportunity for future research efforts within this field of study.
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